Abstract. Geographical information retrieval (GIR) can benefit from context information to adapt the results to a user's current situation and personal preferences. In this respect, semantics-based GIR is especially challenging because context information -such as collected from sensors -is often provided through numeric values, which need to be mapped to ontological representations based on nominal symbols. The Web Ontology Language (OWL) lacks mathematical processing capabilities that require free variables, so that even basic comparisons and distance calculations are not possible. Therefore, the context information cannot be interpreted with respect to the task and the current user's preferences. In this paper, we introduce an approach based on semantic rules that adds these processing capabilities to OWL ontologies. The task of recommending personalized surf spots based on user location and preferences serves as a case study to evaluate the capabilities of semantic rules for context-aware geographical information retrieval. We demonstrate how the Semantic Web Rule Language (SWRL) can be utilized to model user preferences and how execution of the rules successfully retrieves surf spots that match these preferences. While SWRL itself enables free variables, mathematical functions are added via built-ins -external libraries that are dynamically loaded during rule execution. Utilizing the same mechanism, we demonstrate how SWRL built-ins can query the Semantic Sensor Web to enable the consideration of real-time measurements and thus make geographical information retrieval truly context-aware.
Introduction
Information retrieval methods play a crucial role when it comes to organizing and finding relevant information in large collections, potentially spread over thousands of Web servers. This applies also to geographical information retrieval (GIR), where innovative approaches are required to turn the vast amount of geotagged content and volunteered geographic information [1] into useful information sources. Recent research in information retrieval extends classical methods by employing context information to disambiguate queries [2] and to tailor the results to a user's preferences and her current situation [3] .
GIR generally deals with indexing unstructured data sources such as Web pages for detection and disambiguation of place names, document ranking based on relevance with respect to a given query, as well as developmentof user interfaces [4] . Retrieval from the Semantic Web, however, makes use of structured information, i.e., ontologies or resources annotated by means of these ontologies [5] . This structured information is mostly based on nominal symbols encoded in the Web Ontology Language (OWL) [6] . OWL and its theoretic underpinnings in description logics (DL) provide the reasoning capabilities that enable the Semantic Web in the first place. However, they also pose a special challenge for encoding spatio-temporal information, which relies largely on numeric data collected from different kinds of sensors (e.g. for temperature or air pollution) and localized via different positioning techniques such as GPS.
In terms of measurement scales [7] , ontologies are built from nominal entities and the relationships between them. Context information collected from sensors, in contrast, consists of ordinal (e.g. severe weather categories), interval (e.g. temperature in centigrades) and ratio (e.g. absolute humidity) scaled data. We propose to utilize semantic rules for the mapping between these two worlds as well as for the interpretation of the raw values with respect to the current user's preferences. This approach follows the distinction between task model, user model and context model 1 [8] . The Semantic Web Rule Language (SWRL) employed in this paper extends OWL with the first-order logic style rules required for user modelling. Moreover, it provides mathematic functions via built-ins -external libraries that are dynamically loaded during rule execution. We demonstrate how this mechanism can be utilized to query sensors on the Web directly from SWRL rules. This allows for a strict separation between static information stored in the ontology and dynamic, frequently changing context information. Moreover, rules can directly access the measured information, so that it is no longer required to manually update the information on individuals in the ontology.
In this paper, we use the task of finding suitable surf spots as a scenario, which is a prime example of a GIR task that cannot be satisfactorily solved without taking context information into account. Whether a spot is appropriate for a specific user depends not only on the user's current location (i.e., her distance to the spot), but also on the current wave and weather conditions, accessibility, crowdedness, and so forth. All of these factors must be regarded with respect to the skill level and personal preferences of the user posing the query: a suitable wave height for one person may be boring for another one, and conditions suitable for experienced surfers may even be dangerous for beginners. While the development of a user interface is out of scope for this research, we have selected four contextual aspects (location, wave height, bottom and crowdedness) that influence a user's decision during the selection of a surf spot. We have developed a prototypical surf spot ontology populated with samples at the central coast in California for demonstration purposes. The insights from this research are not specific to the task of selecting suitable surf spots, but can be easily transferred to other highly context-dependent tasks ranking from leisure activities [9] to critical professional applications [10] .
The next section introduces related work on ontologies and context. Section 3 outlines the case study, the specific requirements it imposes, as well as the surf spot ontology. Section 4 presents und discusses our rule-based approach for context modelling. Section 5 demonstrates how a novel SWRL built-in can be utilized to process live sensor measurements during rule execution, followed by conclusions and directions for future work in Section 6.
Background: Ontologies and Context
This section points to related work in the areas of ontologies for the Semantic Web and context from the perspective of geographical information retrieval.
Ontologies for the Semantic Web
Research on semantics investigates the meaning of symbols in communication.
While views on semantics differ depending on the field of study, information systems research is mostly concerned with the question of how the meaning of pieces of information and ways to interact with them can be described unambiguously. Ontologies as explicit specifications of conceptualizations [11] provide such descriptions by formally constraining the potential interpretations of the symbols used for communication about concepts.
Three kinds of ontologies can be distinguished. Foundational ontologies such as DOLCE [12] are "axiomatic theories of domain-independent top-level notions such as object, attribute, event, parthood, dependence, and spatio-temporal connection" [13, p. 91] . While foundational ontologies provide generic specifications on an abstract level, domain ontologies specify the shared conceptualization of a specific community, such as the AGROVOC Ontology currently under development by the Food and Agriculture Organization of the United Nations 2 or various ontologies within geographic information science [5, 14, 15] which is the focus of this research. Application ontologies, such as the surf spot ontology introduced in Section 3.3, are the most specific ones, as they specify the conceptualizations that underlie specific applications. In an ideal case, these three groups of ontologies are used in a layered fashion and semantic interoperability between all parts of this ontological hierarchy is enabled.
As engineering artifacts, ontologies only become useful through standardized formats. The Web Ontology Language (OWL) is a W3C specification for publishing and sharing XML-encoded ontologies. The OWL DL sublanguage 3 maps to the SHOIN description logic (DL). A detailed discussion of DL is beyond the scope of this paper -see [16, 17] for detailed information on its semantics. The only aspect that needs to be kept in mind here is that the formal semantics underlying SHOIN maps to set theory.
Context in Information Retrieval
From the numerous definitions of context [18] , we subscribe to the one by Dey [19, p. 5] , who defines context as "any information that can be used to characterise the situation of an entity". This view on context matches both the motivation for this research as well as our case study from geographical information retrieval. Research activities on context-aware information retrieval have increased remarkably in recent years. The ubiquitous and pervasive computing communities have developed numerous approaches to automatically provide users with information and services based on their current situation -see [20] for an overview. Existing context-aware applications range from smart spaces [21] over mobile tour guides [22] to generic prototyping platforms [23] . Gu et al. [24] propose to use an OWL ontology to model the different aspects forming a context. Lawrence [25] provides an overview of the different strategies to make Web search context-aware.
The Semantic Web community has investigated different approaches towards semantic models of context and contextualizing ontologies. CTXML [26] is an XML dialect that enables local, contextualized models within ontologies. It specifies an XML-encoding for contexts as concept hierarchies that can be assigned information on the owner, the groups the context is specified for, and on security and history. Mappings between different contexts based on distributed description logics [27] allow for the identification of different specifications that refer to the same concepts. CTXML eventually merged into C-OWL [28] , which is an extension to OWL that enables contextual ontologies via bridge rules that map between the local ontologies. C-OWL thus adds the capability to handle potentially inconsistent knowledge. Korpipää and Mäntyjärvi [29] propose an ontology for contexts based on RDF. It is based on context types (e.g. Environment:Light:Intensity) that can be filled with values (e.g. Dark ). However, they do not describe how the mapping from the raw sensor data onto the context values (Dark in the above example) works.
The use of SWRL for reasoning about context has already been proposed within the A-MUSE project [30] . However, the utilization of SWRL within the project was limited to reasoning about context information in the ontology. For example, SWRL was used to find out whether a person is currently attending a meeting in a certain room based on the property values of the individuals in the knowledge base. We extend this approach by using SWRL to represent context (instead of only reasoning about it) and by querying context information directly from a novel SWRL built-in.
Case Study: The Surf Spot Finder
This section introduces the case study used in the remainder of this paper. The specific requirements of an application for surf spot recommendation are analyzed and the geographic feature type ontology is sketched.
Scenario
Choosing a surf spot depends on weather conditions, tide, waves, personal abilities, location and social aspects. All of these characteristics, including their parts, must be rated differently for every surfer. Answering the question "How are the waves?" involves wave height, speed and frequency, but is also strongly tied to the location, type of sea bed and beach accessibility. Although some Web sites provide relevant information for surfers on wave 4 or weather 5 conditions, such information must be rated differently depending on the respective user's personal surfing skills. For example, for an experienced surfer the conditions may be rather rough and in contrast to conditions suitable for a beginner. This leads to the conclusion that there is no generic answer to the question "Where is my optimal surf spot at a given time?". In addition, social aspects play an important role. While a surfer may want to meet a friend to practice, most surfers prefer spots that are not too crowded.
In the remainder of this paper, we will use the scenario of an online surf spot finder service that provides users with surf spot recommendations based on the current conditions and their personal profiles. While the technical aspects of this tool are out of scope for this paper, we investigate the requirements for a representation of contextual factors relevant to this task. As such, the surf spot finder is a prime example of context-aware geographical information retrieval. The insights gained in this study can be transferred to a number of outdoor leisure activities such as hiking, diving and climbing [9] , but also to critical applications that depend on the current conditions and skills of the people involved, such as emergency response services [10] .
Requirements
We have selected four contextual aspects to illustrate the modeling challenges with respect to context-aware GIR. The selection also reflects the temporal, spatial and thematic components that characterize geographic information [31] :
While these aspects will be covered in the surf spot ontology introduced in the next section, the user models will be specified through SWRL rules as discussed in Section 4. For demonstration purposes, we define two different users with different preferences concerning the four properties of the surf spots described above. In the following, u beg will refer to a user model corresponding to a typical beginner, whereas u pro will refer to the model of an experienced or professional surfer. Table 1 provides an overview of the two user models. We assume that both users are located in downtown Santa Barbara (lat:34.41213
• , lon:−119.68913 Table 1 . Overview of the user preferences to be formalized in Section 4. For reasons of simplicity, the distance to the user's location is expressed in decimal degrees; a representation in km (road network distance) would be required for end users.
Surf Spot Ontology
We have developed a surf spot ontology 7 for this research using the Protégé 8 ontology editor. The ontology consists of a number of concepts such as Surfing (subconcept of Activity), WaveFrequency and RideLength in addition to the four properties of specific surf spots listed in Section 3.2. Figure 1 gives an overview of the concepts specified in the ontology.
Representing Context
This section introduces the rule-based mapping approach and presents an implementation of the user models for the surf spot finder case study in SWRL.
Rule-based Mapping Approach
Context information only becomes meaningful when it is interpreted with respect to the user. It depends on the user's personal preferences whether a shop has interesting offers, a blog article is worth reading or a surf spot is adequate with respect to the user's expectations and abilities. However, ontologies on the Semantic Web lack support for free variables that are required to express such dependency on the user profile. It is not possible to specify that a user finds surf spots with rocky bottoms too dangerous, or that another one finds waves below 2m unattractive. We propose to utilize the Semantic Web Rule Language (SWRL) for personalized mappings between the numeric sensor world and information stored in ontologies, as shown in Figure 2 . SWRL [32] adds rule capabilities to OWL ontologies. SWRL rules are Hornlike clauses [33] , consisting of an antecedent (body) and a consequent (head), each containing a set of atoms. For example, the rule hasParent(?x,?y) ∧ hasBrother(?y,?z) → hasUncle(?x,?z) states that if x has the parent y and y has the brother z, then x has the uncle z. The SWRL submission to W3C introduces a concrete XML syntax for use with OWL, which is achieved by combination with RuleML 9 statements. SWRL can be extended by additional reasoning mechanisms via built-ins. Among the built-ins that have been implemented so far are libraries for mathematics, string handling and date support, enabling rules such as Person(?p) ∧ hasAge(?p,?a) ∧ swrlb:lessThan(?a,18) → Minor(?p). Built-ins thus play a central role for the mapping from numeric sensor inputs to ontologies via SWRL. The following section demonstrates how SWRL rules using built-ins can be utilized to represent a user model as shown in Figure 3 
User Model Formalization in SWRL
The antecedent of a SWRL rule can be used to represent a conjunction of the different aspects of a user's preferences. Consider the following SWRL rule in prefix syntax, which is a complete user model for u beg as described in Table 1 : The first line constrains the individuals to whom this rule is applied to the ones of the class SurfSpot and assigns the variable name ?spot to them. Lines 2-3 constrain the matching individuals to those that have a wave height smaller than 1.5m. Lines 5-12 take care of the distance calculation of the spots to the user. After assigning variable names to the latitude and longitude of a spot (5-6), the absolute distance to the user's current location is calculated (7-10) to evaluate whether the spot is not further away than the user is willing to travel 10 (11-12). The user preference for surf spots with sandy bottoms is expressed Fig. 3 . The contents of the mapping mechanism black box shown in Figure 2 : The mapping consists of task model (green, not further specified here), context model (red) and user models (blue). The context model provides access to dynamically changing information from sensors as described in Section 5, which is then fed into the user models. The user models, each consisting of a SWRL rule, filter the incoming context information according to the users' preferences.
in lines 13-14. Finally, those surf spots satisfying lines 2-14 are reclassified as AppropriateSurfSpot (see Figure 1) . Instead of this reclassification, one could also imagine using query built-ins that count the number of spots matching the conditions. The user model for u pro has been defined accordingly: This rule implicitly contains temporal information on the weekday in line 13, which could also be integrated automatically via SWRL's date and time built-ins. Either of the two user models can be activated by selecting the corresponding rule. Activation of both rules would find all spots that suit both users. This feature could be used to accommodate the needs of user groups. The SWRL-tab available in the Protégé ontology editor provides a user-friendly way of developing, editing and testing 11 SWRL rules along with the corresponding OWL ontology [34] .
Discussion
After applying the two rules for the respective user context models, the Jess rule engine correctly reclassified the matching surf spots. For each user, only one of the 15 individuals of the surf spot class satisfied all given requirements. In the following, we discuss the advantages of a rule-based approach and specifically SWRL with its built-in mechanism over other Semantic Web technologies.
As mentioned before, widespread Semantic Web technologies lack support for free variables as required for the representation of a threefold model consisting of task, user and context as shown in Figure 3 . This applies both to RDF/OWL (including C-OWL) as well as to alternative approaches such as the ISO Topic Map standard [35] . Although the languages have not been developed to support such functionality initially, these restrictions place constraints on their applicability to real-world problems. Their underlying realist view on semantics [36] ignores the fact that a large number of applications in information retrieval, linguistics or location-based services, for example, can only produce useful results if they take the user's current context into account. Even the context extension to OWL, C-OWL, is limited to fixed contexts (i.e., local micro theories) and mappings between them. It thus cannot live up to the requirements of the notion of dynamic context awareness [37] from AI, which heavily relies on sensor input. The same applies to Topic Maps, which allow users to define scopes specifying in which context assertions are valid [38] . Scopes form a mechanism that is very useful when stating assertions such as the topic name München is only valid in the scope of the German language or the topic name Jaguar appears in different scopes (animal, car, operating system). However, same as for C-OWL, scopes neither support rules nor free variables. Overall, these limitations result in the rare use of semantic technologies in context-aware software in AI, which is still largely based on statistics-driven approaches.
As demonstrated above, SWRL helps to overcome these limitations by specifying user models as rules that contextualize OWL ontologies in terms of these models. Moreover, modelling in OWL and SWRL requires a thoughtful separation between the notions modeled in OWL and those modeled in SWRL, forcing clean ontological specifications. For example, consider the data property assertions shown in the bottom right box of Figure 1 : any of these could also be modeled as object property assertions. This would require, for example, to define a concept RideLength through subconcepts such as RideLengthMax50m, RideLengthMax100m, and so forth. While this approach appears feasible at first sight, it would render mathematical processing of the actual values impossible, such as checking whether the waves are too high (or too low) for the current user. Hence, our approach forces a clean ontology design based on the distinction between the static information stored in the ontology, and the dynamic aspects which go into the rules. This separation may even become more important when decidability plays a role: since the integration of SWRL renders OWL undecidable [39] , it may be desirable to retain the static part of the ontology for reasoning purposes. Nonetheless, context information about individual surf spots is still hard-coded into the ontology. We address this problem in the following section by establishing a link to real sensors.
Linking Rules to Real-world Sensors
We have demonstrated how SWRL rules can be employed as user models. Dynamic values, however, still have to be updated manually for an ontology's individuals. In this section, we sketch an approach to this problem that enables querying of sensors from within SWRL rules.
The SWRL Built-in Bridge
The SWRLTab in Protégé provides a built-in bridge 12 , which enables the development of new built-ins, such as for reasoning (temporal, spatial, etc.), mathematical calculations and querying. Technically, new built-ins must be individuals of the class BuiltIn, which is defined in the SWRL ontology. This ontology has to be imported to enable the definition of rules. The processing functionality that evaluates the single built-ins (such as swrlb:lessThan) must be implemented in Java and is dynamically loaded by Protégé.
As such, new SWRL built-ins bear the potential to link OWL ontologies to external information such as databases -or (geo)sensors [40] . Querying built-ins already exist for (properties of) individuals in the ontology. In the following, we outline the functioning of a new built-in to collect observations from the Sensor Web, which is currently under development. The presented approach can be regarded as a more light-weight variant of the Semantic Sensor Web [41] , which builds on fully annotated sensor web services.
Querying Sensors from SWRL
The Open Geospatial Consortium has introduced a number of service specifications to enable a fully interoperable Sensor Web. One of these standards is the Sensor Observation Service (SOS) [42] , which allows clients to request observations for a specific sensor via the GetObservation request. Following the idea of "SQWRL for sensors", we are currently developing the sos:obs built-in. While the process of service discovery and description (via the SOS' GetCapabilities request) is beyond the scope of this paper, Figure 4 shows an overview of the workflow of an SWRL-enabled OWL-ontology using the sos:obs built-in. Note that in combination with a user model as implemented in Section 4, the static information about individuals in the ontology is completely separated from any dynamically changing information collected from sensors, as well as the user model.
Using sos:obs requires the ontology to contain an individual representing the SOS to be queried, which holds information on the service's capabilities. This Fig. 4 . Workflow of the sos:obs built-in: An SOS has to be modeled in the ontology, so that it can be referred to from SWRL rules. During rule execution, the implementation of the built-in is loaded and executed. It queries the SOS and returns the value to the rule engine for further processing.
instance is an individual of the class generated from the SOS XML schema 13 . The usage pattern for the built-in binds the value observed for the given property (?observedProperty) of an SOS individual (?sos) to ?observedValue: sos:obs(?observedValue, ?observedProperty, ?sos)
With this built-in, it is possible to remove any dynamically changing information represented from the surf spot individuals. The ontology then only comprises static information about the individual surf spots as well as the sensors measuring the dynamic aspects of the surf spots. The dynamic context information gets requested on demand, i.e. when the rules representing the user model are executed. Accordingly, the user model for u beg is expressed through the following rule (the part of the code not shown here remains unchanged): 
17
→ AppropriateSurfSpot(?spot)
The Semantic Web is currently based on nominal data and it is therefore inherently difficult to integrate information from the Sensor Web. In this paper, we have demonstrated how semantic rules can be employed to bridge these two worlds to enable context-aware geographical information retrieval from the Semantic Web. Using the Semantic Web Rule Language (SWRL), we showed how the user aspect in a context model can be fully represented in a SWRL rule. SWRL's support for free variables allows for a reclassification of the individuals in an ontology -in our example, surf spots matching the conditions of a user model were correctly reclassified as appropriate with respect to the given user. Moreover, we have outlined an approach to dynamically read observation values from the Sensor Web during execution of a rule based on SWRL built-ins. This approach allows for a strict separation of static knowledge about the individuals in an ontology and any dynamic information through an explicit link to sensors.
Since the built-in is still under development, its completion is the next step in this research. Execution time is thereby a crucial aspect: any rule making use of the built-in will have to wait for the sensor to deliver the data in order to execute the rest of the rule. Caching mechanisms may be required to speed up processing, especially for observed values that do not change very fast. For phenomena such as wave height, hourly observation is certainly sufficient (at least for the surfing scenario; a tsunami warning system, in contrast, would require more frequent updates). Such large-scale systems also raise the question of scalability. Once implemented, a system with a broad user basis could also be employed to apply standard information retrieval measures such as recall and precision.
While our approach to modeling context is independent of the employed information retrieval method, the background for this research is in context modeling for semantic similarity measurement [43, 44] . Previous approaches to enable context-aware similarity measurement [45, 46] regarded context as a subset of the static information at hand to enhance the cognitive plausibility of the results [47] . Combinations of semantic rules and similarity measurement show promise for adaptation of information retrieval results to the current context that goes beyond previous approaches. One could think of a reclassification of the ontology via rules before measuring similarity, which would put the ontology in the context of the current similarity query. Vice versa, subsets of the ontology which are most similar with respect to a given query could serve as input to rules, which could then adapt these preliminary results to the current context. As such, the approach discussed in this paper is not specific to geographical information retrieval; nonetheless, this field with its broad range of numeric base data provides numerous use cases for its application.
From a theoretical point of view, the problem of monotonicity needs to be addressed: depending on the sensor measurements imported via sos:obs, the same reasoning steps may lead to different results. Concerning SWRL, the number of tools for rule engineering and execution is still very limited. In practice, the rules quickly become verbose, even with the prefix syntax used in this paper. The XML-syntax used for storage is even more extensive, so that neither of the two formats is adequate for interaction of non-experts. These users, such as surfers in our scenario, cannot be expected to edit rules by hand. Instead, user interfaces that hide the complexity of the rules from the user are required.
